Critical to an understanding of the control of 1,25-dihydroxyvitamin D (1,25D) activity is a molecular appreciation of the regulation of three genes, 25-hydroxyvitamin D-1α-hydroxylase (CYP27B1), 25-hydroxyvitamin D-24-hydroxylase (CYP24) and vitamin D receptor (VDR). We now report the sensitivity, reproducibility and accuracy of a real-time reverse transcriptase-polymerase chain reaction protocol (Taqman) for the quantification of mRNA levels for these genes in total RNA extracted from kidney tissue. The sensitivity of the protocol was at least 150 copies of mRNA per reaction. Reproducibility, expressed as the coefficient of variation, ranged between 14 and 30% at the level of approximately 10 4 copies of mRNA per reaction. Accuracy was estimated at greater than 95% for each of these mRNAs. This protocol allows for the comparison of absolute mRNA levels in extracted total RNA in kidneys from animals fed diets containing different levels of calcium, ranging from 0·05% to 1%. Serum 1,25D levels were decreased when the dietary calcium concentration was increased (P<0·05). The levels of CYP27B1 mRNA were highest in the animals fed the 0·05% calcium diet (P<0·01). Conversely, CYP24 and VDR mRNA levels were highest in the animals fed the 1% calcium diet (P<0·01). Both CYP27B1 and CYP24 mRNA levels were major determinants of serum 1,25D levels when dietary calcium intakes were varied in these adult animals (Multiple R 2 =0·70, P<0·01). No significant relationship was detected between kidney CYP27B1 and serum parathyroid hormone (PTH) suggesting that serum calcium may regulate CYP27B1 mRNA expression directly during normocalcaemia. Low levels of CYP24 mRNA were associated with high PTH levels. These findings suggest that kidney CYP24 activity, possibly regulated by factors such as PTH, acts in concert with kidney CYP27B1 to control serum 1,25D levels.
Introduction
Details of the regulatory mechanisms determining the level of activity of the secosteroid, 1,25-dihydroxyvitamin D 3 (1,25D) and particularly the role of 1,25D in the modulation and maintenance of serum calcium levels and bone mineralisation remain to be elucidated. The current paradigm for the maintenance of calcium homeostasis is that when blood calcium levels are low, an increase in parathyroid hormone (PTH) levels acts at the kidney to increase the reabsorption of calcium and stimulate the production of 1,25D, which in turn stimulate the absorption of calcium in the intestine (O'Loughlin & Morris 1998). The major site of production of circulating 1,25D is the kidney, where the mitochondrial cytochrome P450 enzyme 25-hydroxyvitamin D-1 -hydroxlase (CYP27B1) hydroxylates 25-hydroxyvitamin D (25D) to synthesise the biologically active 1,25D (Omdahl et al. 2002) . Overproduction of 1,25D by the kidney is subject to regulation by a separate cytochrome P450 enzyme, 25-hydroxyvitamin D-24-hydroxylase (CYP24), which, through side chain hydroxylation reactions, inactivates 1,25D (Omdahl et al. 2002) . The relative importance of the activity of CYP27B1 and CYP24 in the regulation of serum 1,25D remains unclear.
Critical to an understanding of the control of 1,25D production in the kidney is a molecular appreciation of the regulatory signals that underlie expression of the genes for CYP27B1, CYP24 and vitamin D receptor (VDR) . In this regard, it is important to quantify the steady state levels of mRNA for these genes expressed in kidney and particularly in response to different hormone and dietary factors. However, since the CYP27B1 mRNA is a low abundance mRNA and cannot be successfully quantified by Northern blot or RNase protection analyses, the development of a sensitive and quantitative assay for this and other mRNAs has been undertaken in this current study.
Total mRNA has been isolated from rat kidney and specific mRNAs quantified using a real-time RT-PCR protocol. We have successfully demonstrated the high reproducibility of this method in kidney tissue and the ability to detect amounts of mRNA as low as a few hundred copies of target sequence. Analyses of duplicated samples on different days confirm the accuracy and efficiency of the protocol. This procedure will be useful for those interested in the regulation of these and other genes in whole tissue samples. Increased levels of dietary calcium in rats resulted in a reduction in serum 1,25D and renal CYP27B1 mRNA, while renal CYP24 mRNA was increased. Statistical analysis indicated that both CYP27B1 mRNA and CYP24 mRNA contributed equally to determining serum 1,25D.
Materials and methods

Animals
Female Sprague-Dawley rats of 4 months of age (n=24) were obtained from the Gilles Plains Animal Resource Centre (Gilles Plains, SA, Australia) and were housed at 24 C with a 12-h light/darkness cycle. The rats were fed 40 g per day for 2 months of the AIN-76 semi-synthetic diet (American Institute of Nutrition 1977 , 1980 containing 0·05%, 0·2%, 0·4% or 1% calcium. The Institute of Medical and Veterinary Science Animal Ethics Committee approved all animal procedures.
Biochemical analyses
Serum 1,25D was measured by a 125 I radioimmunoassay (RIA) (Immunodiagnostic Systems Ltd, Boldon, Tyne and Wear, UK). Serum parathyroid hormone (PTH) was measured using a ratspecific, two-site immunoradiometric assay (IRMA) (Immutopics, Inc., San Clemente, CA, USA).
PCR standards
The full-length cDNAs for CYP27B1 (St-Arnaud et al. 1997 , obtained from R St-Arnaud), CYP24 (Ohyama et al. 1991, obtained from J Omdahl) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Fort et al. 1985 , Tso et al. 1985 cDNA were inserted into pBluescript 2 SK vector. A 466 bp cDNA for VDR (Burmester et al. 1988 , Kamei et al. 1995 encompassing the amplicon region for the real-time PCR was generated from reverse transcribing rat kidney mRNA with Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Invitrogen, CA, USA) according to the manufacturer's instructions. The cDNA was then PCR amplified using forward and reverse primers (forward: 5 -gattgccgcatcaccaaggac-3 ; reverse: 5 -gaggagacaggtccagagtca-3 ) and Amplitaq Gold DNA polymerase (Perkin-Elmer (PE) Applied Biosciences, Foster City, CA USA).
Total RNA extraction and cDNA synthesis Kidneys were removed from carcasses of rats and immediately frozen in liquid nitrogen. Total RNA was isolated in duplicate from kidney tissues. The extraction of total RNA from the homogenised tissue lysates was based on a phenol/chloroform extraction method modified from Chomczynski and Sacchi (1987) as described by Davey et al. (2000) . Briefly, tissues were homogenised in 10 ml of a solution containing 4 M guanidine isothiocyanate. Tissue lysate was mixed with 0·1 M citrate buffer saturated phenol, pH 4·3, 2 M sodium acetate and 24:1 chloroform/isoamyl alcohol. After centrifuging, the aqueous phase was removed and mixed with 1 volume isopropanol and frozen at -70 C. The samples were then centrifuged to recover the RNA, redissolved in TE buffer, mixed with 3 volumes 4 M sodium acetate and frozen at -70 C. The thawed samples were then centrifuged to recover the pure RNA and washed with 500 µl 70% ethanol, before re-centrifugation. The dried RNA pellet was finally dissolved in TE buffer and stored at 70 C. To generate first strand cDNA, total RNA (5 µg) from each tissue sample was primed with a random hexamer primer (Geneworks, Adelaide, Australia) and reversetranscribed at 37 C for 1 h using MMLV reverse transcriptase (Invitrogen) according to the manufacturer's instructions, and stored at 70 C.
Primers and probes
The sequence of the primers and fluorogenic probes, based on published sequences for rat CYP27B1 (St-Arnaud et al. 1997) , CYP24 (Ohyama et al. 1991) , VDR (Burmester et al. 1988 , Kamei et al. 1995 and GAPDH (Fort et al. 1985 , Tso et al. 1985 , were designed using Primer Express 1.5 software (PE Applied Biosystems) ( Table 1 ). The fluorogenic probes were synthesised by PE Applied Biosystems. The primers were synthesised by Geneworks. All primer sets were designed to span an intron (see Table 1 ) thus avoiding a problem with contaminating genomic DNA.
Real-time PCR reaction conditions
All PCR reactions were carried out in a final volume of 25 µl and were performed in duplicate for each cDNA sample in the ABI PRISM 7700 Sequence Detection System (PE Applied Biosystems) according to the manufacturer's protocol. The optimised reaction mix consisted of Universal Master Mix (PE Applied Biosystems), 200 nM fluorogenic probe and 300 nM of each specific forward and reverse primer. The PCR protocol was 50 C for 2 min and 95 C for 10 min, which was followed by 45 cycles at 95 C for 15 s and at 60 C for 1 min.
Data expression
For each assay, a standard curve was obtained by analysing a dilution series of plasmid cDNA standards for CYP27B1, CYP24, VDR or GAPDH. The concentration of plasmid cDNA for each target mRNA species was estimated by measuring the A 260 in triplicate, using a spectrophotometer (Beckman DU153, CA, USA). The copy number was calculated using the following formula: copies/ml=6.023 10 23 C A 260 MWt where C=50 µg/ml for double stranded (ds) DNA and MWt= cDNA molecular weight (base pairs 6·5 10 2 Daltons). After completion of the PCR amplification, data were analysed with Sequence Detector 1·7 software (PE Applied Biosystems). The threshold cycle (C T ) values generated from the amplification of plasmid cDNA samples were plotted against the log of cDNA copy numbers to create a linear standard curve. The real-time PCR analysis of the same series of cDNA standard dilutions was repeated one to two weeks later. A measurement of the mRNA copy numbers in an experimental sample for each gene of interest was determined by obtaining the C T values for each target cDNA sequence in an experimental sample and interpolating the cDNA copy number from the plasmid cDNA standard curve. The determination of mRNA copy numbers assumed that reverse transcription of mRNA to cDNA was 100% efficient.
Statistical analysis
Efficiency of real-time RT-PCR was tested by the 'least squares' method of linear regression statistical analysis. Amplification efficiency in the plasmid cDNA standard curves was tested by comparing the line-of-best-fit with a theoretical line representing the maximum amplification efficiency. A slope of 3·32 is the theoretical maximal slope obtained by regression analysis of a PCR reaction of optimal efficiency. Linear regression analysis was used to determine whether there was a difference between C T values from a theoretically maximal amplification and C T values obtained in the plasmid cDNA amplification reactions performed. The same statistical procedure was used to determine the mRNA amplification efficiency. Linear regression analysis was used to test the reproducibility of real-time RT-PCR by comparing the line-of-unity with the line-of-best-fit for the X-Y scatter plot of copy number values obtained from two separate RNA extractions and real-time RT-PCR assays.
Results
Standard curves
Standard curves were generated from serial dilutions of plasmid cDNA standards for CYP27B1, CYP24, VDR and GAPDH. Plasmid cDNA for each species was serially diluted twofold to span the range of predicted C T values that would be obtained from experimental samples. Standard curves for each plasmid cDNA standard demonstrated linearity over the complete range of dilution series with correlation coefficients of 0·99 (Fig. 1) . The efficiency of the amplification of plasmid cDNA standard was within 10% of the theoretical optimum slope of 3·32 for each PCR amplification. The reaction efficiency for CYP24 was 100%, while the efficiencies for CYP27B1, VDR and GAPDH were 96%, 93%, and 90% respectively. From the standard curves it can be seen that the maximum C T value detected was 37·4 0·6, for an estimated 1·5 10 2 copies of VDR cDNA (Table 2) . No amplification was observed in the no-template controls (NTC) reactions up to a maximum of 45 cycles (C T .45). The most concentrated and the most dilute cDNA sample of each mRNA under investigation provided C T values, spanning the range of C T values expected for unknown samples.
The analysis of plasmid cDNA standards by real-time PCR, used for establishment of the standard curves, was repeated one to two weeks later. Comparisons of the C T values obtained from the two separate PCR reactions on serially diluted plasmid cDNA for CYP27B1, CYP24, VDR and GAPDH showed a high degree of reproducibility when analysed by the linear regression analysis (data not shown). The coefficient of variation (CV) for the comparisons between the two assays was less than 5% for CYP27B1, VDR and GAPDH, whilst CYP24 had a CV of 5·5% indicating the highly reproducible nature of the analysis. However, when the mRNA copy numbers, estimated from the interpolation of C T values from each of the two individual standard curves, were plotted against each other, the slope and intercept for each gene of interest were statistically different from the line-of-unity. The average difference in mRNA copy numbers determined from each standard curve was 20% for CYP27B1, while for CYP24, VDR and GAPDH there was a 13%, 36% and 20% difference respectively (data not shown).
Reproducibility of mRNA analysis by real-time RT-PCR detection
The reproducibility of the extraction of total RNA from kidney tissue and the quantification of target mRNA by real-time RT-PCR was tested by comparing duplicate analyses of total RNA extractions. There was a high degree of reproducibility between the copy numbers of mRNA derived from the two separate PCR reactions in all target sequences examined (Fig. 2) . For CYP27B1, CYP24 and VDR, the coefficient of determination was greater than 0·90. For GAPDH, the coefficient of determination was lower at 0·63. The lines-ofbest-fit for each target gene were statistically the same as the line-of-unity (data not shown). The reproducibility of mRNA analysis by real-time RT-PCR, expressed as the coefficient of variation, was 16·4% for CYP27B1 at a level of 6 10 6 copies/µg total RNA, 12·5% for CYP24 at a level of 2 10 6 copies/µg total RNA, 19·5% for VDR at a level of 2 10 8 copies/µg total RNA and 30·5% for GAPDH at a level of 1 10 9 copies/µg total RNA.
Accuracy of the estimation of mRNA levels by reverse-transcription and real-time PCR amplification
The accuracy of the estimation of mRNA levels by reverse transcription and PCR amplification was assessed using rat kidney total RNA. Purified total RNA was serially diluted twofold, commencing from 5 µg total RNA for each sample. Each dilution was then reverse-transcribed to cDNA and target cDNA sequences were amplified by real-time PCR amplification using an appropriate primer and probe set ( Table 3 ). The coefficient of determination for each line-of-best-fit was greater than 0·95. The degree of efficiency of the amplification was not statistically different from the theoretical maximal amplification efficiency for any of the mRNA species tested, indicating that the accuracy for estimating the concentration of each of the mRNA species was greater than 95%.
Figure 1
Standard curves of (A) CYP27B1, (B) CYP24, (C) VDR and (D) GAPDH cDNA. cDNA was serially diluted 1:2 before amplification with the appropriate primers and probe. Each sample was assayed in duplicate and re-assayed one week later. The standard curve is a product of both assays. The equation for the line-of-best-fit, y=slope (±S.D.)x+intercept (±S.D.) and the coefficient of determination (R 2 ) are shown for each standard curve. *P<0·001 vs theoretical slope, # P<0·05 vs theoretical standard curve slope for maximum amplification efficiency. NS, not significant. 
Assessment of GAPDH mRNA as the referent for mRNA quantification
In the kidney, the levels of GAPDH mRNA detected in different dietary groups were constant, with no statistical difference found between levels of GAPDH in any of the samples (data not shown). For this reason, the use of GAPDH mRNA in the kidney appears to be reasonable for use as a referent for the mRNA levels of the genes of interest.
Regulation of serum 1,25D, PTH, kidney CYP27B1, CYP24 and VDR mRNA levels by dietary calcium
The levels of serum 1,25D and PTH fell with an increase in dietary calcium concentration (Table 4) . The levels of CYP27B1 mRNA in the animals fed 0·05% calcium were significantly higher than those in animals fed higher calcium concentrations in their diet (P,0·01) (Fig. 3A) . Conversely, CYP24 mRNA levels were significantly higher in the animals fed 1% calcium when compared with the animals fed lower calcium concentrations in their diet (P,0·01) (Fig. 3A) . Similarly, VDR mRNA levels were significantly higher in animals fed 1% calcium (P,0·01) (Fig. 3B) . In addition, the levels of VDR mRNA positively correlated with the levels of CYP24 mRNA (R 2 =0·71, P,0·001) (data not shown).
Determinants of serum 1,25D levels
Serum 1,25D levels correlated positively with kidney CYP27B1 mRNA levels (R 2 =0·32, P,0·01) and negatively with kidney CYP24 mRNA levels (R 2 =0·30, P,0·01). In a multiple linear regression, both CYP27B1 and CYP24 were significant determinants of serum 1,25D levels (Multiple R 2 =0·70, P,0·001) ( Table 5) . No significant correlation between serum PTH and either CYP27B1 or CYP24 mRNA was identified (P=0·69).
Discussion
In this study we have optimised the experimental protocol for real-time RT-PCR for the quantification of CYP27B1, CYP24 and VDR mRNAs isolated from rat kidney tissue. This report demonstrates that quantification of low abundance mRNA can be achieved from kidney tissue with high precision and accuracy by real-time RT-PCR with fluorogenic probes. This system accurately determines low levels of target mRNA expression. The fluorogenic probes were able to readily and reliably detect as few as 150 copies of target cDNA per reaction. The sensitivity of real-time RT-PCR overcomes the shortfalls of other less sensitive methods, such as Northern blot analysis or ribonuclease protection assay, particularly with respect to the analysis of low abundance mRNAs such as CYP27B1 and CYP24 mRNA. 
Equation
Coefficient of determination
Equations of line-of-best-fit are y=slope (±S.D.)x+intercept (±S.D.). All slopes for the line-of-best-fit are not statistically different from the slope of the theoretical line for maximum amplification efficiency. 
Linear amplification was detected over a large concentration range, up to 2 10 7 -fold in the case of CYP27B1 plasmid cDNA. The C T values of the plasmid cDNA standards generated on different occasions showed a high reproducibility throughout the entire concentration range tested. However, when the mRNA copy number for a single unknown sample was derived from an individual standard curve generated at the time of analysis, there was a significant difference in the estimated amounts of copy numbers. This finding indicates that even though the two standard curves demonstrate a high degree of reproducibility with regard to the C T values, a statistically insignificant shift of the standard curve can cause a substantial difference in the quantity of cDNA estimated from the standard curves. Thus, the reproducibility of the analysis is increased when unknown samples are quantified from a single standard curve calculated from the average of at least two standard curves obtained through the amplification of a range of plasmid cDNA standards.
Duplicates of kidney mRNA extraction, reverse transcription and PCR reaction exhibited a high degree of reproducibility. No statistical difference could be determined between the C T values obtained from two separate PCR reactions. While no direct measurement was made to determine the effectiveness of the first-strand synthesis of cDNA from mRNA, we can assume from these data that the efficiency of the reverse-transcription reaction with this protocol is constant for all samples. The reproducibility and high amplification efficiency of the reverse-transcribed mRNA indicate that the quantitative procedure of real-time RT-PCR is unaffected by the use of the phenol/chloroform method to purify total RNA from kidney tissues, or by subsequent reverse-transcription of mRNA.
The use of an endogenous referent to control for analytical variation is important for normalisation of analyses from different animals. Since the C T values and mRNA levels obtained for GAPDH in the kidney from each dietary treatment were statistically similar, the use of GAPDH as a referent is appropriate. There have, however, been a number of reports suggesting that GAPDH mRNA expression is regulated by various physiological challenges (Bustin et al. 1999 , Oliveira et al. 1999 , Thellin et al. 1999 . For this reason, the use of total RNA as a referent has been recommended by a number of researchers (Bustin 2002 , Ogunkolade et al. 2002 . While total RNA referent does not correct for the amount of cDNA loaded into each PCR tube, a high degree of reproducibility between two separate PCR runs found in the current study suggests that total RNA could be used as a satisfactory referent. 1,25D is essential for the stimulation of intestinal calcium absorption (Li et al. 2001 , Panda et al. 2001 ). In the current study, serum 1,25D levels fell with increasing dietary calcium and correlated positively with kidney CYP27B1 mRNA levels and negatively with kidney CYP24 mRNA levels. Multiple linear regression analysis indicated that the fall in serum 1,25D levels was due to both a reduction in the synthesis of 1,25D by kidney CYP27B1 and to an increase in the catabolism of 1,25D by kidney CYP24. This suggests that CYP27B1 and CYP24 are equally important in the regulation of the metabolism of vitamin D in the kidney. In this study, CYP24 mRNA levels correlated positively with VDR mRNA levels. A concomitant rise in kidney VDR and CYP24 mRNA levels has been indicated previously by Johnson et al. (1995) . They showed that mRNA and protein levels of renal VDR and CYP24 were both high in 18-month-old female Fischer 344 rats and were both low in 6-month-old or younger rats. Liganded VDR can directly regulate CYP24 gene expression by binding to one of two distinct vitamin D response elements which are located in the promoter region of the CYP24 gene (Ohyama et al. 1994 , Chen & DeLuca 1995 , Dwivedi et al. 2000 .
Identification of factors responsible for the regulation of renal CYP27B1 and CYP24 gene transcription is of considerable interest. PTH is an important stimulator of CYP27B1 gene transcription (Murayama et al. 1999) . However, in this study when adult rats were fed a vitamin D-replete diet, no significant correlation was found between PTH and renal CYP27B1 mRNA levels. These data support the proposal of Shinki et al. (1999) that the transcription of CYP27B1 in vivo is upregulated by PTH only in hypocalcaemic animals and not during normocalcaemia. In the current study, when adult animals were fed a vitamin D-replete diet with varying, but adequate, levels of calcium, normal blood calcium levels were maintained. Shinki et al. (1999) proposed that, under these conditions, calcitonin is the major regulator of CYP27B1 mRNA expression. A direct effect of calcium on the expression of CYP27B1 mRNA cannot, however, be ruled out (Bland et al. 1999) . The marked increase in the levels of CYP24 mRNA found in animals fed a 1% calcium diet is likely to be due to the decrease in PTH levels, since it has been reported that PTH promotes the degradation of CYP24 mRNA (Zierold et al. 2001) . In summary, when studying the metabolism of vitamin D in the kidney, the regulation of CYP27B1 activity should not be the only focus of investigation. Equal importance should be attributed to the effects of the catabolising enzyme, CYP24. Since both enzymes appear to be regulated by factors such as PTH, calcium and calcitonin, future research should focus on the mechanisms by which these factors control vitamin D synthesis and catabolism under different physiological conditions.
